We report on the microstructure, electronic structure and optical properties of nanocrystalline Zn 1 À x Co x O (x ¼0, 0.01, 0.03, 0.05 and 0.07) particles prepared by solution combustion technique using LValine as fuel. The detailed structural and micro-structural studies were carried out by XRD, HRTEM and TEM-SAED respectively, which confirms the formation of single phased, nano-sized particles. The electronic structure was determined through NEXAFS and atomic multiplet calculations/simulations performed for various symmetries and valence states of 'Co' to determine the valance state, symmetry and crystal field splitting. The correlations between the experimental NEXAFS spectra and atomic multiplet simulations, confirms that, 'Co' present is in the 2 þ valence state and substituted at the 'Zn' site in tetrahedral symmetry with crystal field splitting, 10Dq ¼ À0.6 eV. The optical properties and 'Co' induced defect formation of as-synthesized materials were examined by using diffuse reflectance and Photoluminescence spectroscopy, respectively. Red-shift of band gap energy (E g ) was observed in Zn 1 À x Co x O samples due to Co (0.58 Å) substitution at Zn (0.60 Å) site of the host ZnO. Also, in PL spectra, a prominent pre-edge peak corresponds to ultraviolet (UV) emission around 360-370 nm was observed with Co concentration along with near band edge emission (NBE) of the wide band gap ZnO and all samples show emission in the blue region.
Introduction
ZnO, is a II-VI semiconductor, with wide band gap of 3.37 eV and having a large exciton binding energy (60 meV) [1] . Due to its extra-ordinary properties, it is considered to be a most promising candidate for many potential applications, such as electronic, optoelectronics [2] and as a dilute magnetic semiconductor (DMS) for spintronics [3] . Currently, much emphasis has been given on the experimental and theoretical prediction of room temperature ferromagnetism (RTFM) in transition metal doped ZnO [4] [5] . It has been reported that, the existence of RTFM in DMS's is sensitive to the preparation methods and preparation conditions. There are reports of synthesis of RTFM DMS materials by various methods, including sol-gel, co-precipitation, spray pyrolysis, solution combustion [6] , etc. Among all the conventional methods, solution combustion technique (SCT) has greater advantages, as it produce fine, large surface area and sinter-active particles by using different precursors and the fuels [6] . Among all the transition metal doped ZnO based DMS's Co doped ZnO based DMS materials are of great interest, due to the tunability of FM above RT, high solubility limit and large magnetic moment per 'Co' ion [7] [8] [9] [10] . But achieving single-phase is relatively difficult due to the formation of 'Co' metallic clusters or other impurity oxide phases. In addition, the detection of possible presence of small amount of impurities which contributes to the net magnetisation is indeed important for understanding the origin of ferromagnetism. That is, through the investigation of the electronic structure of the impurity ions in host material would help us to understand the local environment around the 'Co' in the host matrix which is responsible for the net magnetism of the sample. On the other hand, transition metal ion doped ZnO (for DMS) provides a possibility of tuning band gap energy by varying the concentration of the impurity ions in the host material. In other words, controlled doping of ZnO with transition metals offers a viable means of tuning the band gap [11] . Hence, a linear variation in the band gap with composition is expected. It is reported in the literature [12] that the band gap of Co doped ZnO increases with increase in 'Co' concentration and this blue shift was explained on the basis of Moss-Burstein effect [13] . Also, Kim et al. [14] reported that Co doped ZnO thin films show a decrease in band gap with increase in Co concentration and a similar behavior was reported by Bouloudenine et al. [15] shift is mainly due to the sp-d exchange interactions between the band electrons and the localized d electrons of 'Co' ions substituting Zn ions [17] . However, combined study of an electronic structure (indirect evidence to the net magnetism) and semiconducting (optical) properties, that is the variation of band gap energy and defect induced luminescence are indeed required for understanding the effect of doping on the semiconducting properties as well as the electronic structure for practical applications in spintronics. Hence, in the present work, we synthesized and studied the structural, micro-structural, optical properties and also report an electronic structure of Co doped ZnO nanocrystalline particles synthesized by solution combustion technique. The stoichiometric amounts of precursors were taken based on the condition that the valances of O/F ratio to be unity, using total oxidizing and reducing valences of the precursors. These stoichiometric amounts of precursors were dissolved in double distilled water and stirred completely to get transparent solution. The transparent solution was dried in muffle furnace at 100°C to remove water content in the solution. So obtained sticky solution (water free) was then placed in the pre-heated muffle furnace at 400°C. Within a 5 min, the solution (gel) ignites, fires with flame and finally left with voluminous foamy product (ash). The final foamy product was collected and ground using agate make pestle and mortar.
Experimental
As-synthesized samples were characterized for phase purity using X-Ray Diffractometer (D8 ADVANCE, Bruker) with wavelength 1.5418 Å. Rietveld refinement has been carried out using Fullprof software [16] , to understand the structure of as-synthesized Zn 1 À x Co x O samples. The detailed micro-structural and structural studies were carried out for the as-synthesized ZnO samples through High Resolution Transmission Electron Microscopy (HR-TEM) using LIBRA 200 TEM (M/s Carl Zeiss, Germany). The electronic structure was investigated through NEXAFS. The atomic multiplet calculations were carried out using the CTM4XAS software and the resultant spectra were compared with the experimental NEXAFS spectra. X-ray absorption spectroscopy (XAS) i.e., NEXAFS measurements were carried out at different beamlines (BL-11A, 17C and 20A) available at National Synchrotron Radiation Research Center (NSRRC) in Taiwan. All the beamline X-ray absorption data was obtained in the fluorescence yield (FLY) mode, which is mostly bulk sensitive. Room temperature diffused reflectance spectra were recorded in the 200-1600 nm wavelength range using a DRS Spectroscopy Model: JASCO V 670, Japan. The Photoluminescence spectra were recorded in the wavelength range from 350 to 600 nm with excitation wavelength of 325 nm.
Results and discussions

Structural analysis by XRD
Rietveld fitted XRD patterns of Zn 1 À x Co x O (x¼ 0, 0.01, 0.03, 0.05 and 0.07) samples are depicted in Fig. 1. From Fig. 1 , it is observed that, all reflections/peaks are fitted well and all reflections are indexed to JCPDS card no. 36-1451 belongs to hexagonal wurtzite ZnO phase with space group P63mc. Also, confirms the formation of single-phase, polycrystalline in nature and no secondary/impurity phase like, CoO x , metallic Co, etc is observed. It confirms that, 'Co' ions are substituting 'Zn' ions without any secondary phase formation. The estimated lattice parameters from the Rietveld refinement on XRD data were discussed in our earlier work [17] . Crystallite size and strain are calculated using WilliamsonHall equation [18] .
where, β is the observed FWHM, θ is the Bragg angle, k is the Scherer's constant, λ is the wavelength of the X-ray used, D is the crystallite size, ε is the strain present in the crystal. From the plot of βCosθ along the y-axis and 4Sinθ along the x-axis, the slope gives strain (ε) and the intercept gives corresponding HR-TEM image and the insets shows SAED patterns. Further, lattice parameters were estimated using TEM-SAED patterns. The Bragg angle (2θ) was determined from the interplanar d-spacing which was obtained from SAED patterns using the formula, n d 2 Sin λ = θ . The lattice parameters were estimated through unit cell program [19] having known (h k l) and 2θ values.
The estimated lattice parameters for pure ZnO are 'a ¼b ¼3.328 Å and c ¼5.298 Å' and for Zn 0.99 Co 0.01 O are 'a ¼b¼ 3.251 Å and c¼ 5.119 Å'. It is observed that, the estimated lattice parameters from TEM-SAED patterns are in agreement with those obtained from Rietveld refinement.
Electronic structure
Substitution of 'Co' at 'Zn' site in the host alters the local environment around it depending on its valence state, which reflects as features in the NEXAFS spectra. The NEXAFS is an element specific technique and is very sensitive to the bonding environment of the absorbing atom. In other words, it is the fingerprint technique to determine the valance state of 'Co' ion and its substitution at 'Zn' site in the host ZnO. It also helps to determine the possibility of existence of 'Co' ion as clusters or in any other oxide phase. The NEXAFS spectra of Co doped ZnO taken at Co L3,2-edge is depicted in Fig. 3 . The results of NEXAFS along with XMCD have been reported in our earlier work, which shows the existence of intrinsic RTFM in nanocrystalline Zn 1 À x Co x O particles [17] . In particular, the spectral features between 775 and 785 eV are assigned to the Co 2p3/2-3d5/2 (L3-edge) transitions, and those in the region 790-798 eV to the Co 2p1/2-3d3/2 (L2-edge) transitions. Further it can be observed that, the spectral features L3 and L2-edges are same for all samples of Co doped ZnO and multiple absorptions were observed around L3 and L2-edges, which are broadened with 'Co' concentration and correspondingly the intensities of spectral features increases. Further the investigation of the presence of any Co ion clusters or any oxide phases and the electronic structure is indeed required by means of simulations in order to understand the local environment of the substituent in the host matrix, that is, the valance state, symmetry and crystal field splitting of Co in the host matrix. Hence to understand the local environment of the 'Co' ions in the host matrix (Zn 1 À x Co x O), atomic multiplet calculations (simulations) were performed for various symmetries with different crystal field splitting (10Dq) values for all possible valence states of the 'Co' ions at the Co L 3,2 -edge using CTM4XAS software [20] . The calculated (simulated) spectra of 'Co' in 2 þ and 3 þ valence states with different values of crystal field splitting (10Dq) is depicted in Fig. 4 . The results of these calculated spectra with 'Co' in 2 þ (Fig. 4(a)-(i) ), and 3 þ state (Fig. 4(j)-(n) ) and for CoO (Fig. 4(o) ) are compared with experimentally observed spectra, in particular, compared with the experimental spectra of Zn 0.99 Co 0.01 O (Fig. 4(p) ) [17] . The crystal field splitting (10Dq) value used to obtain the simulation is shown in respective plot of Fig. 4. From Fig. 4 , the negative values of 10Dq correspond to the tetrahedral symmetry, whereas the positive values represent the octahedral symmetry and the zero crystal field value means that the ion is in spherical symmetry. The spectral features were broadened with a Lorentzian and convoluted with Gaussian broadening of 0.2 eV each to simulate the lifetime broadening and to simulate the experimental resolution, respectively in order to compare the spectral features of the atomic multiplet simulations with the experimental spectra. The various parameters used in the above simulations are tabulated in the Table 1 . On comparing the experimental spectra with the simulated spectra of Co L 3,2 edge, the experimentally observed NEXAFS spectra was found to be in better agreement with the simulated spectra of Co 2 þ in tetrahedral symmetry with 10Dq¼ À0.6 eV, in agreement with the reported value [21] [22] . Also, it is found from the literature that, various groups have reported different values of 10Dq, for example, À 1 eV by Krishnamurthy et al. [23] and À0.7 eV by Kobayashi et al. [24] . We have also given the calculations performed for 10Dq¼ À0.7 and À 1.0 eV in Fig. 4 and those features were deviating from the experimental spectral features. From our results, it is seen that, the calculations are better reproduced the L 3 -edge as compared to the L 2 -edge, since L 3 -edge is more sensitive to the local environment [25] . It is observed that, the features between 775-785 eV and 790-798 eV 770 780 790 800
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Normalized Intensity / (a.u) x = 0.03 are better reproduced for 10Dq¼ À0.6 eV. The other common valence state of Co is 3þ , the calculations performed (Fig. 4 (j)-(n)) in the tetrahedral symmetry show a large spread as compared to the experimental spectra. We have also compared the experimental spectra with the calculated spectra of CoO, in which the features of L 3 edge are entirely different though L 2 edge features are equivalently coinciding and are also found that, the spectral features entirely different from the other oxide phase [12] . Hence, presence of other oxide (impurity) phases of 'Co' is ruled out, as seen from the XRD results in which no peaks corresponding to any of the cobalt oxide phases were detected. From the above results, on comparison between the experimental and simulated spectra of Co L 3,2 edge, we conclude that, (i) the 'Co' is substituting at the 'Zn' site in the ZnO matrix without formation of impurities; no cobalt clusters and oxide phases are present in the system, (ii) in Zn 1 À x Co x O matrix, 'Co' exist in 2 þ valence state and (iii) is tetrahedrally surrounded by four 'O' atoms with crystal field splitting value of À 0.6 eV.
UV-visible spectroscopy
Further to investigate the effect of Co substitution on the optical band gap energy, the optical diffuse reflectance spectra were recorded along with optical absorption spectra using diffuse reflectance spectroscopy and are depicted in Fig. 5 . It is observed from Fig. 5(a) that, the absorption edge of Zn 1 À x Co x O nanoparticles is red shifted with increasing 'Co' content as compared to the band gap of bulk ZnO (3.37 eV). Also, an increase of absorbance/decrease of reflectance is observed in the visible wavelength region with increase of 'Co' content in the sample. From Fig. 5(a) [26] [27] [28] . This indicates that the 'Co' ions have substituted the Zn 2 þ ions. This shows the presence of 'Co' in a tetrahedral crystal field in the þ 2 state supporting our earlier reports [17] . The optical band gap of Zn 1 À x Co x O (x¼ 0, 0.01, 0.03, 0.05 and 0.07) are estimated using the diffused reflectance data (Fig. 5(b) ). The acquired diffuse reflectance spectrum can be converted to Schuster-Kubelka-Munk function using the formula [29] ;
where 'k' is the absorption co-efficient, 's' is the scattering coefficient and 'R 1 ' is the Reflectance.
The vertical axis is converted to quantity F(R 1 ), which is proportional to the absorption co-efficient. Hence, the 'α' in the Tauc equation can be replaced with F(R 1 ). Therefore, for direct allowed transition, Tauc's relation becomes; Fig. 6 shows the plot of (hνF(R 1 )) 2 along y-axis vs hν along xaxis. The E g values are determined by extrapolating the linear region of the (hνF(R 1 )) 2 vs hν, that is, the hν value of x-axis at (F(R) (Fig. 6) , similar to the earlier observations [14] [15] . This large red shift could be attributed to the modification of the band structure due to the substitution of Co 2 þ at Zn 2 þ which was reported to show a band-gap narrowing effect, as reported by Kim et al. [14] and Bouloudenine et al. [15] . That is, the band gap of Co doped ZnO samples decreases with increase of Co concentration in ZnO. It is also reported in the literature [12] that, the band gap of Co doped ZnO increases with increase in Co concentration and this blue shift was explained on the basis of Moss-Burstein effect [13] . Whereas in our samples opposite trend was observed. Hence further explanation is required to understand the fact. Further, in order to explain the band gap narrowing effect, many groups have suggested that, the alloying effect of parent compound with some impurity phases may be responsible for the band gap narrowing effect [30] . On one hand, the alloying effect from ZnO to CoO/Co 3 O 4 can be neglected because the band gap decreases below the band gap energy of CoO (3.0 eV) [31] and is higher than that of Co 3 O 4 (2.07 eV) [32] . On the other hand, no phase of CoO/Co 3 O 4 have been detected from the above XRD measurements and NEXAFS spectra [17] . So the other possibility is the formation of Zn 1 À x Co x O phases in Co doped ZnO than in pure ZnO. Therefore the Co 2 þ substitution at Zn 2 þ site in Zn 1 À x Co x O may be responsible for the band gap narrowing effect [30] . This may be due to the formation of Co related sub-bands in the band gap, and further these sub-bands merg with the conduction band to form a continuous band. Also the observed decrease of E g from 3.25 to 2.87 eV with increasing Co content from x ¼0 to x¼ 0.07 is attributed due to the sp-d exchange interactions between the band electrons in ZnO and the localized d electrons of the Co 
Photoluminescence spectroscopy
The PL spectrum is depicted in Fig. 7 . As seen from Fig. 7 , in case of pure ZnO, a prominent peak around 400 nm, clear and distinct peaks around 450 nm and 470 nm were observed along with a small, considerable shoulder around $ 520 nm. The more intense peak at 400 nm (UV-region) is due to near band edge emission (NBE) of the wide band gap ZnO corresponding to the exciton related transition from the localized level below the conduction band to the valence band. Further it is observed that, the intensities of these peaks decrease with increase of 'Co' concentration. In particular the intensity of peak around 400 nm (NBE) reduces abruptly with increase of 'Co' concentration compared to other peaks. Apart from these peaks, a pre-edge peak correspond to ultraviolet (UV) emission around 360-370 nm is observed with increase of 'Co' concentration, is attributed to the near band gap emission [33] . The peaks around 450 nm and 470 nm are corresponding to the blue emissions associated with localized levels in the band gap. These peaks can be attributed to the valence band transitions from intrinsic defects such as 'O' or 'Zn' [34, 35] , which are created during the synthesis of material. The decrease of their intensity with 'Co' substitution could be due to the increase of non-stoichiometric ZnO content. The small, considerable shoulder peak around 520 nm was attributed to the recombination of electrons with holes trapped in singly ionized oxygen vacancies [36, 37] and is observed that, the intensity decreases with Co concentration indicating the decrease of oxygen vacancies. Further, the decrease of peak intensity around 400 nm in Co doped ZnO was attributed to the non-radiative recombination process due to the multiple phonon or lattice vibrations [34, 38] .
The 1931 CIE chromaticity diagram of the Zn 1 À x Co x O samples with various 'Co' concentrations under 325 nm excitations is shown in Fig. 8 
Conclusions
In the present investigation, Zn 1 À x Co x O (x ¼0, 0.01, 0.03, 0.05 and 0.07) nanocrystalline particles were synthesized by SCT using L-Valine as a fuel. The detailed studies were carried out to understand the structure, microstructure, electronic structure and magnetic nature of as-synthesized samples. The Rietveld refined XRD patterns reveals the formation of single-phase and absence of secondary phases of 'Co' metal or 'Co' oxides in ZnO wurtzite crystal structure. Formation of nano-sized particles was confirmed through TEM micrographs, in agreement with the crystallite size values obtained from XRD. Also, the lattice parameters estimated using TEM-SAED patterns are in agreement with the Rietveld refinement of XRD data. The electronic structure was determined through the atomic multiplet calculations/simulations performed at Co L 3,2 edge to determine the valance state, symmetry and crystal field splitting. The spectral features of the experimentally observed NEXAFS spectra is in better agreement with the simulated spectra of Co 2 þ in tetrahedral symmetry with 10Dq ¼ À0.6 eV and the spectral features of Zn 1 À x Co x O are entirely different from those related to Co metal and other oxide phases, which rules out the presence of impurity phases and Co clusters. The diffused reflectance results shows that, the band gap energy, E g decreases with increase in Co content in ZnO. This Red shift of band gap (E g ) was observed due to the possibility of the formation of Zn 1 À x Co x O phases in Co doped ZnO than in pure ZnO. Therefore the Co 2 þ substitution at Zn 2 þ site in Zn 1 À x Co x O may be responsible for the band gap narrowing effect and also it was attributed due to the sp-d exchange interactions between the band electrons in ZnO and the localized d electrons of the Co 2 þ . Also, 'Co' induced defect formation in as-synthesized materials were studied using PL. It was observed that, an enhancement of a prominent pre-edge peak corresponds to ultraviolet (UV) emission around 360-370 nm with Co concentration along with near band edge emission (NBE), where as other observed features reduce due to the increase of non-stoichiometric ZnO content. CIE chromaticity diagram shows that, all the samples show emission in blue region. Hence, the samples could be the potential candidates for the blue light emitting devices. 
